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Abstract 23
Infection with a single influenza A virus (IAV) is only rarely sufficient to initiate productive infection. 24
Here, we exploit both single-cell approaches and whole-animal systems to show that IAV reliance 25 on multiple infection can form an important species barrier to infection. Namely, we find that H9N2 26 subtype viruses representative of those circulating widely at the poultry-human interface exhibit 27 acute dependence on collective interactions in mammalian systems. This need for multiple 28 infection is greatly reduced in the natural host. Quantification of incomplete viral genomes showed 29 that their complementation accounts for the more moderate reliance on coinfection seen in avian 30 cells, but not the added reliance seen in mammalian cells. This finding suggests an additional 31 form of virus-virus interaction is needed to support infection in mammalian cells. Genetic mapping 32
Introduction 38
Classically, an infectious unit has been defined as a single virus particle which delivers its genome 39 to a cell, initiates the viral reproductive program, and yields progeny viruses. The importance to 40 infection of collective interactions among viruses is being increasingly recognized, however 1-3 . 41
The delivery of multiple viral genomes to a cell allows antagonistic and beneficial interactions to 42 occur, and these interactions have the potential to shape transmission, pathogenicity, and viral 43 evolution. 44
Recent work has revealed several distinct mechanisms by which multiple viral genomes 45 are co-delivered to a target cell [4] [5] [6] [7] [8] . Various mechanisms of direct cell-to-cell spread yield a similar 46 outcome 9-11 . The implications of multiple infection in these diverse systems are still being 47 explored. In a number of cases, however, collective delivery was demonstrated to increase the 48 efficiency of infection relative to free virus particles 4,5 , or to increase the rate of genetic exchange 49 through recombination 6 . 50
When distinct variants coinfect, beneficial effects such as compensation of deleterious 51 mutations can increase overall fitness [12] [13] [14] . In the case of IAV, several lines of evidence point to a 52 major role in infection for multiplicity reactivation, the process by which segmented genomes 53 lacking one or more functional segments complement each other [15] [16] [17] [18] [19] . Conversely, negative 54 interactions can also arise in which deleteriously mutated genes act in a dominant negative 55 fashion. Defective interfering particles, which often potently interfere with the production of 56 infectious progeny from a coinfected cell, are the most extreme example of such antagonism [20] [21] [22] . 57 more dependent expression of any HA protein is on coinfection, the more linear the relationship 116 between dual-HA + cells and HA + cells becomes. Conversely, a relationship closer to the Poisson 117 expectation indicates less dependence on coinfection. Among the viruses tested, we found that 118 only GFHK99 virus in MDCK cells exhibits strong linearity in the relationship between HA + and 119 dual-HA + cells (Figure 1B) . 120
In line with observed levels of coinfection, GFHK99 virus exhibits high levels of 121 reassortment in MDCK cells, indicating that nearly all progeny virus is produced from WT-VAR1 122 coinfected cells (Figure 1C) . MaMN99 or NL09 viruses infecting MDCK cells show relatively lower 123 levels of reassortment. Moreover, reassortment of GFHK99 viruses is markedly reduced in DF-1 124 cells compared to MDCK cells ( Figure 1C) . These results clearly reveal differing degrees of 125 multiplicity dependence for different virus/cell pairings and therefore indicate that multiple infection 126 dependence is determined through virus-host interactions. 127
That all virus-cell pairings tested show evidence of multiplicity dependence is highlighted 128 by comparison of the experimental reassortment data to a theoretical prediction ( Figure 1C) . This 129 theoretical prediction was published previously 18 and is derived from a computational model in 130 which the number of viral progeny produced by an infected cell is constant, irrespective of the 131 number of input viral genomes. Because singly-and multiply-infected cells make equivalent 132 numbers of progeny in this model, reassortment is predicted to increase only gradually at low 133 levels of infection where coinfection is relatively rare. The experimental observation that 134 reassortment reaches high levels much more rapidly than expected indicates that viral progeny 135 production is enriched in the proportion of the infected cell population that is multiply infected. 136
Frequent reassortment and the linear relationship between overall HA expression and HA 137 co-expression provide two measures of multiplicity dependence for a given virus-cell pairing. To 138 summarize these two measures and analyze the relationships between the virus-cell pairings 139 tested, we conducted a hierarchical clustering analysis using the parameters of the regression 140 models shown in Figure 1A and 1C. MaMN99 and NL09 viruses in MDCK cells, as well as 141 GFHK99 virus in DF-1 cells, represent one cluster, while GFHK99 virus in MDCK cells partitioned 142 into its own cluster ( Figure 1D) . Coinfection dependence, therefore, is evident in all virus-cell 143 pairings, but particularly strong for GFHK99 virus in MDCK cells. 144 145
Strain-and host-specific phenotypes are also evident in vivo 146
To determine whether host-dependent reliance on multiple infection extended to in vivo 147 models, we performed coinfections in guinea pigs and quail. GFHK99, MaMN99, and NL09 148 viruses were tested in guinea pigs and GFHK99 virus was examined in quail. To ensure use of 149 comparable effective doses for each virus/host pairing, the 50% infectious dose (ID50) of each 150 virus mixture was first determined experimentally in the animal models used. Guinea pigs were 151 then infected intranasally with 10 2 GPID50 of each WT/VAR mixture and nasal washes were 152 collected daily. Quail were infected with 10 2 QID50 of the GFHK99 virus mixture via an oculo-naso-153 tracheal route and tracheal swabs were collected daily. To evaluate the frequency of 154 reassortment, plaque isolates from these upper respiratory samples were genotyped for each 155 animal on each day. Because multicycle replication in vivo allows the propagation of reassortants, 156 analysis of genotypic diversity rather than percent reassortment is more informative for these 157 experiments. Thus, the effective diversity (Hill's N2) was calculated for each dataset and plotted 158 as a function of time post-inoculation ( Figure 1E, 1F) . The viruses collected from GFHK99-159 infected guinea pigs show much higher genotypic diversity throughout the course of infection than 160 viruses isolated from MaMN99-or NL09-infected guinea pigs ( Figure 1E ) or GFHK99-infected 161 quail ( Figure 1F) . These data indicate that the virus-host interactions which determine 162 dependence on multiple infection in cell culture extend to in vivo infection. 163
164

Multiple infection enhances viral growth 165
The abundant reassortment observed with GFHK99 viruses in mammalian systems 166 suggests that multiple infection plays a major role in determining the productivity of an infected 167 cell. We therefore hypothesized that increasing MOI would augment the viral output of infected 168 cells and that the magnitude of this effect would be greater for GFHK99 virus in MDCK cells than 169 for GFHK99 virus in DF-1 cells or MaMN99 and NL09 viruses in MDCK cells. To test this 170 prediction, we infected over a range of MOIs and then measured PFU produced per cell under 171 single-cycle conditions. The input MOIs for this series of experiments were based on PFU as 172 determined in MDCK cells. Which MOI conditions were saturating was determined empirically by 173 flow cytometry in MDCK and DF-1 cells (Supplementary Figure 1) . MOIs < 1 PFU/cell were 174 found to be non-saturating. Under these non-saturating conditions, increasing MOI resulted in 175 accelerated viral growth and higher burst size for all virus/cell pairings (Figure 2A-D) . As 176 predicted, however, increasing the MOI of GFHK99 virus in MDCK cells resulted in a further 177 enhancement of viral amplification ( Figure 2G) . Thus, the benefit conferred by multiple infection 178 was greater for GFHK99 virus in MDCK cells compared to the other virus-cell pairings tested. 179
We reasoned that the cooperative effect observed might result from i) complementation 180 of incomplete viral genomes or ii) a benefit of increased viral genome copy number per cell. In an 181 effort to differentiate between these possibilities, we measured growth of GFHK99 virus in MDCK 182 and DF-1 cells infected over range of saturating MOIs. Note that plaque assays in MDCK cells 183 underestimate the infectious potential of GFHK99 virus, and increasing viral MOI beyond 1 184 PFU/cell did not lead to increased levels of HA+ cells, indicating saturation (Supplementary 185 Figure 1 ). Under these conditions, incomplete viral genomes are unlikely to be prevalent and any 186 benefit of increasing MOI would be attributable to increasing genome copy numbers per cell. In 187 both cell types, MOIs between 1 and 20 PFU per cell result in similar peak viral titers (Figure 2E , 188 F, H). This saturation of cooperation at higher MOIs suggests diminishing returns from additional 189 genome copies above a certain threshold. Whether this threshold is imposed by a need for 190 complementation or another mechanism sensitive to saturation remained unclear. 3). This measure of infectivity gives a functional readout for polymerase activity, and therefore 255 ensures the vast majority of cells carry an active viral polymerase. At this high MOI, accumulation 256 of GFHK99 mRNA and vRNA in MDCK cells occurs at a similar rate to that seen for GFHK99 257 virus in DF-1 cells or MaMN99 virus in MDCK cells (Figure 5D-F, H) . Thus, a host-specific defect 258 in GFHK99 polymerase activity that affects both replication and transcription is seen at low MOI. 259
This defect is, however, resolved under conditions where multiple infection is prevalent. 260 261
Single-cell mRNA sequencing reveals a need for cooperation 262
To evaluate the heterogeneity of viral RNA synthesis at the single-cell level, we infected DF-1 or 263
MDCK cells with GFHK99 virus under single-cycle conditions and collected cells at 8 h post-264
infection for mRNA barcoding on the 10x Genomics Chromium platform prior to sequencing. Cells 265 in which no viral mRNA was detected were excluded from further analysis. In addition, we used 266 a thresholding approach to exclude cells that were unlikely to be truly infected, but rather may 267 carry small amounts of viral mRNA owing to lysis of neighboring cells (Supplementary Figure  268 4). Following these two exclusion steps, the number of cells remaining ranged between 110 and 269 440 per infection condition. Next, to allow comparison between cell types and between 270 experiments, each cell's total transcript abundance was normalized to the median number of 271 transcripts per cell in the relevant sample. The normalized and log10 transformed counts of viral 272 transcripts per cell were then compared across conditions. We found that the amount of detected 273 GFHK99 viral mRNA varies widely between individual DF-1 cells, which is consistent with 274 previous observations [38] [39] [40] . In contrast, GFHK99 viral mRNA levels are uniformly low in MDCK 275 cells, especially at the lower MOIs tested (Figure 6A , left facet). 276
To evaluate whether low transcript abundance corresponded with the failure to detect one 277 or more polymerase-encoding segments, we stratified the data based on detection of all four 278 segments necessary to support transcription (PB2, PB1, PA and NP). Consistent with prior 279 reports 38 , viral transcript levels are higher in cells that contained PB2, PB1, PA, and NP transcripts 280 compared to those in which one or more of these transcripts was not detected (Supplementary 281 Figure 5 ). We noted that the PB2, PB1, and PA mRNAs were markedly less abundant than the 282 other viral transcripts, however. Thus, the correspondence between failure to detect polymerase 283 transcripts and low viral mRNA abundance may simply be due to the higher likelihood of these 284 mRNAs falling below the limit of detection in cells that have low overall viral transcription. 285
To measure the impact of coinfecting viruses in individual cells, we repeated the single-286 cell sequencing experiment with the addition of two variants of GFHK99 virus, GFHK99 mVAR1 287 and GFHK99 mVAR2. Cells were inoculated with GFHK99 WT and GFHK99 mVAR1 viruses in a 288 1:1 ratio. Coinfection with GFHK99 mVAR2 virus was performed simultaneously and this virus 289 was used at the concentration found to give optimal support of WT viral RNA replication in Figure  290 Figure 4) . Between 64 and 217 cells per infection condition met both criteria to 294 be included in further analysis. As expected, no significant difference was detected between WT 295 and mVar1 transcript levels (p > 0.05, linear mixed effects model) ( Supplementary Figure 5) . No 296 differentiation is therefore made between strains in further analysis. In cells infected with both WT 297 and mVAR1 viruses, viral transcript abundance is calculated separately for each, so that 298 coinfected cells contribute two distinct measurements to the dataset. The viral transcript levels 299 per cell detected in this second experiment are shown in Figure 6A alongside data from the first 300 experiment. In comparing the two infections, we observe that total viral transcript abundance is 301 markedly lower in MDCK cells compared to DF-1 cells in the first infection, but this effect is almost 302 entirely mitigated by the presence of mVAR2 virus in the second infection. This reduction in the 303 disparity between DF-1 and MDCK cells resulted from the fact that mVAR2 virus increased 304 transcript abundance by 149% in DF-1 cells, but 258% in MDCK cells (p < 10 -4 , linear mixed 305 effects model) ( Figure 6A) . These data underscore the significance of viral collective interaction 306 to ensure productive infection in diverse hosts. 307
Because only a subset of a cell's transcripts is captured and therefore reliably detected 41 , 308 the 10x platform does not allow a robust determination of segment presence or absence in a cell. 309
The addition of mVAR2 virus improves the sensitivity with which WT transcripts can be detected, 310 however, and -as noted above -levels the playing field between MDCK and DF-1 cells. We 311 therefore evaluated the number of distinct viral gene segments detected per cell, as indicated by 312 the presence of the corresponding mRNAs. Failure to detect a subset of the eight segments in a 313
given cell is very common in our datasets, as with others 38,40 . The addition of mVAR2 virus 314 increases the number of segments per cell detected, however, suggesting that failure to detect is 315 often a result of transcript levels falling below the limit of detection of the assay (Figure 6B) . 316 Importantly, in the presence of mVAR2 virus, the number of segments detected per cell was 317 comparable between MDCK and DF-1 cells across all MOIs tested ( Figure 6B ). This result 318 suggests that the frequency with which incomplete GFHK99 viral genomes are expressed is 319 comparable between these mammalian and avian cell lines. 320
Frequency of incomplete GFHK99 genomes in MDCK cells is moderate 322
Given the limitations of single-cell mRNA sequencing for the detection of relatively rare 323 transcripts, we employed a second single-cell approach to quantify the frequency with which fewer 324 than eight vRNAs are replicated in GFHK99 infected MDCK cells 19 . MDCK cells were coinfected 325 with a low MOI of GFHK99 WT virus and a high MOI of GFHK99 VAR2 virus. The GFHK99 VAR2 326 virus acts to ensure propagation of the WT virus gene segments, even when less than the full WT 327 viral genome is available for transcription and replication. Following inoculation, single cells were 328 sorted into wells which contain a naïve cell monolayer and multicycle replication was allowed for 329 48 h. To determine which viral gene segments were present in the initially sorted cell, RT-qPCR 330 with primers that differentiate WT and VAR2 gene segments was applied. As detailed in the 331 Methods, the results were used to calculate the probability that a cell infected with a single WT 332 virus contains a given segment. We termed the resultant parameter Probability Present (PP). The 333 experimentally determined PP values vary among the segments, with a range of 0.56 to 0.8 334 ( Figure 7A) . The product of the eight PP values gives an estimate of the proportion of singular 335 infections in which all eight segments are available for replication. This estimate is 3.2% for 336
GFHK99 virus in MDCK cells. 337
To evaluate whether incomplete viral genomes account for the focusing of GFHK99 virus 338 production within multiply infected cells, we used our previously published computational model 339 of IAV coinfection and reassortment 18 . In this model, the frequency of successful segment 340 replication is governed by eight PP parameters and an infected cell only produces virus if at least 341 one copy of all eight segments are replicated. Importantly, in this model the amount of virus 342 produced from productively infected cells is constant -there is no additional benefit to multiple 343 infection. When the eight experimentally determined PP values for GFHK99 virus in MDCK cells 344 are used to parameterize the model, the theoretical prediction of reassortment frequency is much 345 lower than that observed experimentally for GFHK99 viruses in MDCK cells, but a good match 346 with the reassortment seen in DF-1 cells (Figure 7B) . Clearly, the frequency with which GFHK99 segments fail to be replicated cannot fully account for the high reassortment seen in the 348 mammalian MDCK cell system, but can fully account for the more moderate reliance on multiple 349 infection seen in DF-1 cells. Thus, in mammalian cells, a full GFHK99 viral genome is necessary 350 but not sufficient to support robust replication. of particular interest as a barrier to cross-species transfer for two reasons: first, it can be overcome 360 in the absence of genetic adaptation, through high dose infection; and second, it leads to high 361 levels of reassortment, which in turn can facilitate adaptation to a new host. 362
An important consequence of viral genome segmentation is the potential for replication of 363 incomplete genomes 2 . Complementation is therefore a major class of collective interaction for 364 viruses with segmented genomes. The relevance of complementation for a given virus species 365 likely depends on the extent to which packaging, delivery and replication of genome segments is 366 coordinated 42 . For IAV, we and others have demonstrated that a subset of segments fails to be 367 replicated or expressed in infected cells with high frequency 16, 19, 38, 40 . Specifically, for influenza 368 A/Panama/2007/99 (H3N2) virus in MDCK cells, we found that delivery of a single viral genome 369 results in replication of all eight segments only 1.2% of the time 19 . Data reported herein for 370
GFHK99 virus indicate that a somewhat higher proportion of replicated viral genomes are 371 complete -namely, 3.2%. Thus, GFHK99 virus is partially dependent on complementation for 372 productive infection. However, the high levels of reassortment seen between GFHK99 WT and 373 VAR viruses in mammalian cells indicate that additional cooperative interactions are at play. This 374 is clear from the discrepancy between observed GFHK99 virus reassortment in MDCK cells and 375 the reassortment levels expected if complementation is the only cooperative effect considered. 376
These data point to a model in which the presence of not just complete genomes, but rather 377 multiple copies of the viral genome, are needed to overcome host-specific barriers to GFHK99 378 infection in mammalian systems (Figure 8) . 379
Insight into the nature of this second cooperative interaction is gleaned from the 380 observation that the amount of viral RNA produced from GFHK99 WT viral genomes is 381 significantly increased with the addition of a homologous virus. From these data, we can conclude 382 that the coinfecting virus functions in trans to support WT virus RNA replication in mammalian 383 cells. In addition, our genetic data implicate the viral PA in defining an acute reliance on 384 cooperation. The PA gene segment encodes two proteins: PA and PA-X 43 . Together with PB2 385 and PB1, PA is an essential component of the trimeric polymerase complex 44 . PA carries the 386 endonuclease activity required for cap-snatching from nascent Pol II transcripts, which is essential 387 for viral transcription 45 . It also comprises much of the interface for viral polymerase dimerization, 388 which is needed for viral replication 46 . PA-X shares its N-terminus with PA but has a unique 41 or 389 61 amino acid C-terminus 43,47 . PA-X contributes to the shut-off of host protein synthesis by 390 targeting host Pol II transcripts for destruction 48, 49 . Alignment of PA and PA-X proteins encoded 391 by GFHK99 and MaMN99 viruses reveals 29 differences in PA and 9 differences in PA-X 392 in vitro initiation of vRNA synthesis by a dimerization mutant was ameliorated with increased 399 polymerase concentration 46 . We speculate that multiple infection could lead to a similar effect 400 within the infected cell. If this speculation is correct, it would suggest a role for host factors in viral 401 polymerase dimerization, since the observed GFHK99 reliance on multiple infection is specific to 402 mammalian cells. Finer mapping of the phenotype within PA and targeted functional studies are 403 needed to test this model and explore other possible mechanisms. 404
Of note, high reliance on multiple infection in mammalian cells does not extend to all avian 405
IAVs. Our experiments indicate that this phenotype is a feature of H9N2 subtype avian IAV 406 prevalent at the poultry-human interface, while two avian IAV derived from wild birds, MaMN99 407 and DkHK78 viruses, showed no increase or a modest increase in reliance on multiple infection 408 in mammalian relative to avian systems. Whether a need for multiple infection in mammalian cells 409 extends to other poultry-adapted lineages is an interesting question for future study. H9N2 410 subtype viruses are, however, highly relevant in the context of zoonotic infection due to their 411 prevalence at the poultry-human interface. Sporadic human infections with poultry-adapted H9N2 412 viruses have been reported, including with strains closely related to GFHK99 virus. These H9N2 413 viruses furthermore share several related genes with H5N1 and H7N9 subtype viruses that have 414 caused hundreds of severe human infections 50-55 . The G1 lineage to which the GFHK99 virus 415 belongs circulates widely in the poultry of Southeast Asia, the Middle East, and North Africa and 416 reassorts frequently with other poultry adapted IAVs 56-59 . Our comparison of reassortment in 417 guinea pigs and quail indicates that reassortment could be particularly prevalent in the context of 418 zoonotic infection of mammals. This phenotype of high reassortment in mammals is expected to 419 extend to the H5N1 and H7N9 subtype viruses of public health concern, which carry polymerase 420 genes related to those of the GFHK99 virus 53-55 . While reassortment is typically deleterious 60,61 , 421 high frequencies increase opportunity for fit genotypes to arise and adapt, and should therefore 422 be considered in assessing the risk of emergence posed by non-human adapted IAVs. 423
Our data reveal novel concepts in both virus-host and virus-virus interactions. In the 424 context of virus-host interactions, the extent of IAV reliance on cooperation is determined in part 425 by interactions with the host cell, such that infection of novel hosts may be characterized by an 426 acute dependence on multiple infection. In the context of virus-virus interactions, our data show 427 that cooperation is not limited to complementation; rather, interactions among homologous 428 coinfecting viruses can be highly biologically significant. Viral dependence on multiple infection is 429 expected to have a strong impact on viral fitness and evolution by modulating the efficiency of 430 spread within and between hosts and by changing how a virus population samples sequence 431 Supernatants were then propagated in MDCK cells from low MOI to generate NL09 working 493 stocks. Defective interfering segment content of PB2, PB1, and PA segments was confirmed to 494 be minimal for each virus stock, as described previously 68 (Supplementary Figure 7) . All plaque 495 assays were performed in MDCK cells; viruses were also titered by flow cytometry and/or RT 496 qPCR-based methods where indicated. The reverse genetics system for influenza A/guinea 497 fowl/Hong Kong/WF10/99 (H9N2) virus was reported previously 69,70 . This strain has been referred 498 to as WF10 in previous publications [69] [70] [71] . For consistency with other strains used in the present 499 manuscript, it is referred to herein as GFHK99. A low passage isolate of influenza 500 A/mallard/Minnesota/199106/99 (H3N8) virus, referred to herein as MaMN99, was obtained from 501 David Stallknecht at the University of Georgia 72 . The virus was passaged once in eggs and then 502 the eight cDNAs were generated and cloned into the pDP2002 vector 73 . A low passage isolates 503 of influenza A/duck/Hong Kong/448/1978 (H9N2) and A/quail/Hong Kong/A28945/1988 (H9N2), 504 referred to herein as dkHK78 and QaHK88, were passaged once in eggs and then the eight 505 cDNAs were generated and cloned into the pDP2002 vector. To increase the recovery efficiency 506 of viruses containing polymerase components from the MaMN99 virus, pCAGGS support 507 plasmids encoding PB2, PB1, PA, and NP proteins of the A/WSN/33 (H1N1) strain were supplied. 508 GFHK99 WT, MaMN99 VAR and NL09 VAR viruses were engineered to contain a 6XHis 509 epitope tag plus GGGS linker at the N-terminus of the HA protein following the signal peptide. 510 GFHK99 VAR1, MaMN99 WT and NL09 VAR viruses contain similarly modified HA genes, with 511 an HA epitope tag plus a GGGS linker inserted at the N-terminus of the HA protein 36 . All assays 512 except the single-cell mRNA sequencing used viruses carrying these epitope tags. 513
Silent mutations were introduced into VAR viruses by site-directed mutagenesis to allow 514 genotyping of WT and VAR segment origin. The specific changes introduced into all VAR viruses 515 used here are listed in Supplementary Table 1 . Mutations introduced into GFHK99 VAR1, 516
MaMN99 VAR, and NL09 VAR viruses enable detection by high-resolution melt analysis or probe-517 based droplet digital PCR. Mutations introduced into the GFHK99 VAR2 strain were designed to 518 confer unique primer binding sites relative to GFHK99 WT virus. Viruses used for single-cell 519 mRNA sequencing, GFHK99 mVAR1 and GFHK99 mVAR2, carry mutations near the 3' end of 520 each transcript to allow detection by sequencing following oligo-dT priming 38 . 521 522
Synchronized, single-cycle infection conditions 523
Conditions designed to synchronize viral entry and prevent propagation of progeny viruses were 524 used for all cell culture-based infections with the exception of those performed for measurement 525
of PP values. Synchronized, single-cycle infections were performed as follows: Cell monolayers 526 were washed three times with PBS and placed on ice. Chilled virus inoculum was added to each 527 well and incubated at 4°C for 45 minutes with occasional rocking to allow attachment without 528 entry 74 . Inoculum was aspirated and cell monolayer was washed three times with cold PBS before 529 addition of warm virus medium lacking trypsin. Cultures were incubated at 37 o C. At 3 h post-530 infection, virus medium was replaced with ammonium chloride-containing virus medium. Addition 531 of ammonium chloride to the medium prevents acidification of endosomes, thereby blocking 532 further IAV infection 75 . Cultures were returned to 37 o C for the remainder of the incubation time. 533 534
Infection of cultured cells for quantification of coinfection and reassortment 535
MDCK or DF-1 cells were seeded at a density of 4 x10 5 cells per well in 6-well dishes 24 h before 536 inoculation. Virus inoculum was prepared by combining WT and VAR viruses at high titer in a 1:1 537 ratio based on PFU titers, and then diluting in PBS to achieve MOIs ranging from 10 to 0.01 PFU 538 
Determination of infection and coinfection levels based on HA surface expression.
To 550 enumerate infected cells, surface expression of HIS and HA epitope tags was detected by flow 551 cytometry (Supplementary Figure 8) . This method was previously described in detail 36 . Cells 552 were fixed following staining by resuspending in FACS buffer and 1% paraformaldehyde. The hatched at the Poultry Diagnostic and Research Center, University of Georgia. Two days before 576 virus inoculation, quail sera were confirmed to be seronegative for IAV exposure by NP ELISA 577 (IDEXX, Westbrook, ME). At 3 weeks of age, birds were moved into a HEPA in/out BSL2 facility 578 and each group divided into individual isolator units. 579
Groups (n=6) of 3 week old Japanese quail (Coturnix Japonica) were used to determine 580 the 50% quail infectious dose of the 1:1 GFHK99 WT and GFHK99 VAR1 virus mixture. Each 581 quail was inoculated with 500 µl by oculo-naso-tracheal route of virus mixture in PBS, at 582 increasing concentrations of 10 0 to 10 6 TCID50 per 500 µL. Tracheal and cloacal swab specimens 583 were collected daily from each bird in brain heart infusion media (BHI). Swab samples were 584 analyzed by TCID50 assay and titers of tracheal swabs collected at 4 d post-inoculation were used 585 to determine the QID50 by the Reed and Muench method 77 . Virus was not detected in cloacal 586 swabs. QID50 was found to be equivalent to 1 TCID50. 587
To quantify reassortment in quail, samples collected from quail (n=6) infected with the 10 2 588 TCID50 dose of the 1:1 GFHK99 WT and GFHK99 VAR1 virus mixture were used. These were the 589 same birds as used to determine QID50. Virus shedding kinetics were determined by plaque assay 590 of tracheal swab samples and samples from days 1, 3, and 5 were chosen for genotyping of virus 591
isolates. 592
Female Hartley strain guinea pigs weighing 250-350 g were obtained from Charles River 593
Laboratories (Wilmington, MA) and housed by Emory University Department of Animal 594
Resources. Prior to intranasal inoculation and nasal washing, guinea pigs were sedated by 595 intramuscular injection with 30 mg per kg ketamine/ 4 mg per kg xylazine. The GPID50 of GFHK99 596 WT/VAR1 and MaMN99 WT/VAR virus mixtures were determined as follows. Groups of four 597 guinea pigs were inoculated intranasally with virus mixture in PBS at doses of 10 0 to 10 5 PFU per 598 300 µL inoculum. Daily nasal washes were collected in 1 mL PBS and titered by plaque assay. 599
Results from day 2 nasal washes were used to determine the GPID50 by the Reed and Muench 600 method 77 . The GPID50 of GFHK99 virus was found to be 2.1 x 10 3 PFU; that of MaMN99 virus 601 was 2.1 x 10 1 PFU. The GPID50 of NL09 virus was previously determined to be 1 x 10 1 PFU (ref 78 602 and data not shown). 603
To evaluate reassortment kinetics in guinea pigs, groups of six animals were infected with 604 10 2 x GPID50 of the aforementioned GFHK99 WT / VAR1, MaMN99 WT / VAR or NL09 WT / VAR 605 virus mixtures. Virus inoculum was given intrasnasally in a 300 µL volume of PBS. Nasal washes 606 were performed on days 1-6 post-inoculation and titered for viral shedding by plaque assay. HRM 607 genotyping was performed on samples collected on day 1, 3, and 5 for each guinea pig. 608 609
Quantification of reassortment and effective diversity 610
Reassortment was quantified for in vitro coinfection supernatants, guinea pig nasal washes, and 611 quail tracheal swabs as described previously 36 . Briefly, plaque assays were performed in 10 cm 612 dishes to isolate virus clones. 1 mL serological pipettes were used to collect agar plugs into 160 613 µl PBS. Using a ZR-96 viral RNA kit (Zymo), RNA was extracted from the agar plugs and eluted 614 in 40 µl nuclease free water (Invitrogen). Reverse transcription was performed using Maxima RT 615 (Thermofisher) according to the manufacturer's protocol. The resulting cDNA was diluted 1:4 in 616 nuclease free water and each cDNA was combined with segment specific primers 617
( Supplementary Table 2 
Hierarchical clustering analysis 642
To compare the behavior of multiple viruses during in vitro coinfections, a hierarchical clustering 643 algorithm was used. In these experiments, multiplicity dependence was measured by analyzing 644 HA co-expression and reassortment as a function of the percentage of cells expressing HA. Each 645 of these regression models contain two parameters (% cells dual-HA + = b2* Expectation(% cells 646 HA + ) + b1*(% cells HA + ), and % reassortment = b0 + b1 * ln(% cells HA + ). The behavior of a given 647 virus can therefore be expressed as a set of four parameters. These parameters were used to 648 calculate the distance between each pair of viruses, and Ward's method of aggolomerative 649 hierarchial clustering was then used to organize viruses into clusters based on these distances 84 . 650
Briefly, this algorithm combines a nearby pair of elements into a cluster with a new position that 651 is halfway between the original individuals. This process is repeated until all elements have been 652 incorporated into one cluster. The R package pvclust was used to calculate statistical support for 653 the existence of each node by multiscale bootstrap resampling, with nodes appearing in 95% of 654 trials being deemed statistically significant. Each dendrogram was then divided into two clusters 655 to determine whether the behavior of GFHK99 virus in MDCK cells represented a true outgroup 656 (Figure 1) , or to determine whether each GFHK99:MaMN99 chimeric virus was more similar to 657 GFHK99 or MaMN99 parent virus (Figure 4) . 658 659
Single-cycle viral growth kinetics 660
DF-1 or MDCK cells were seeded at 4x10 5 cells per well in 6 well dishes 24 h prior to infection. 
Effect of increasing multiple infection on viral RNA replication 671
For DF-1 and MDCK cell experiments, 12-well plates were seeded with 3x10 5 cells per well 24 h 672 prior to infection. For NHBE cells, cells were cultured at an air-liquid interface as previously 673 described 66 . Cell surfaces were washed three times with PBS prior to inoculation. Triplicate wells 674 were then inoculated with increasing doses of VAR virus, plus 0.005 PFU per cell of WT virus in 675 DF-1 and MDCK cells or 0.05 PFU per cell of WT virus in NHBE cells. VAR viruses used were 676 GFHK99 VAR2, MaMN99 VAR, NL09 VAR, MaMN99-Anhui-PA VAR, MaMN99-GFHK99-PA 677 VAR, dkHK78 VAR, and QaHK88 VAR. After 55 minutes at 37°C, inoculum was aspirated, cells 678
were washed three times with PBS and 1 ml per well virus medium was added. Media was 679 exchanged for ammonium chloride-containing media 3 h later. At 12 h post-infection, virus media was removed and cells were harvested using RNAprotect Cell Reagent (Qiagen). RNA was 681 extracted using RNeasy columns (Qiagen) and then reverse transcribed with universal influenza 682 primers 85 and Maxima RT per protocol instructions. Droplet digital PCR (ddPCR) was performed 683 on the resultant cDNA. For GFHK99 virus, QX200™ ddPCR™ EvaGreen Supermix (Bio-Rad) 684 was used with a combination of PB2, M, and NS primers specific for the GFHK99 WT virus (final 685 primer concentration of 200 nM) ( Supplementary Table 3 ). For MaMN99, MaMN99-Anhui-PA, 686
MaMN99-GFHK99-PA, dkHK78, QaHK88 and NL09 viruses, QX200™ ddPCR™ Supermix for 687
Probes (Bio-Rad) was used with NP specific primers and probes (Supplementary Table 3) . 688 689
Strand-specific quantification of viral RNA species over time 690
Viruses used for this experiment were the same GFHK99 WT/VAR1 or MaMN99 WT/VAR 691 virus mixtures used to measure reassortment, but in this case each mixture was considered as a 692 single virus population (i.e. the RT ddPCR assay outlined below to quantify viral m/vRNA does 693 not differentiate between WT and VAR genotypes). Doses used were 0.5 RNA copies per cell for (Supplementary Figure 3) . 702
12-well plates were seeded with 2x10 5 cells per well of MDCK or DF-1 cells and incubated 703
at 37 o C for 24 h. Synchronized, single cycle infection conditions were used, as described above. 704
Chilled virus was added at a volume of 125 µL per well. At 0, 1, 2, 4, 6, 8, and 10 h post-infection, 705 virus medium was aspirated and cells were harvested using 400 µL of RNAprotect Cell Reagent 706 (Qiagen). RNA was extracted using the Qiagen RNAeasy Mini kit. Two reverse transcription 707 reactions per sample were set up with primers targeting mRNA or vRNA of the NS segment, each 708 containing different nucleotide barcode tags ( Supplementary Table 4 ). Maxima RT was used 709 according to the manufacturer's instructions and combined with 300 ng MDCK or 150 ng DF-1 710 RNA. Absolute copy number of cDNA was determined by ddPCR. Forward and reverse primers 711 for vRNA or mRNA of NS at a total concentration of 200 nM were combined with diluted cDNA 712 and QX200™ ddPCR™ EvaGreen Supermix (Bio-Rad). Primer sequences are given in 713 Supplementary Table 4 . Thermocycler protocol was 95 o C for 5 min, [95 o C for 30s, 57 o C for 60s] 714 repeat 40x, 4 o C for 5 min, 90 o C for 5 min, 4 o C hold. Copy number was normalized to RNA input 715 to give final results in units of copy number per ng RNA. We did attempt to measure cRNA in this 716 assay but found that primers designed to be specific for cRNA cross-primed on viral mRNA. 717 718
Single-cell mRNA sequencing 719
For this assay, viruses were titered in DF-1 cells using flow cytometry with anti-NP antibody. DF-720 1 cells were used because they give more sensitive detection of GFHK99 virus infection than 721 Figure 3) . 728
To perform single-cell mRNA sequencing, MDCK and DF-1 cells were seeded into 6-well 729 plates at 5x10 5 cells per well. At 24 h post seeding, cells were infected with synchronized, single 730 cycle conditions. In the first experiment, MDCK or DF-1 cells were inoculated with GFHK99 WT 731 virus at an MOI of 0.07, 0.2, 0.6, or 1.8 NP units per cell. In the second experiment, MDCK or DF-732 1 cells were inoculated with a 1:1 ratio of GFHK99 WT virus and GFHK99 mVAR1 virus that 733 amounted to a MOI of 0.02, 0.07, 0.2 or 0.6 NP units per cell. GFHK99 mVAR2 virus was added 734 to MDCK and DF-1 cell infections at MOIs of 1 PFU per cell and 0.1 PFU per cell, respectively. 735
Infected cells were incubated for 8 h at 37 o C. Culture media was then aspirated and cells washed 736 once with 1X PBS. Cells were then trypsinized with 200 µL of 0.25% Trypsin EDTA until all cells 737 came off the plate and were mono-dispersed. To each well, 0.5 mL of virus medium was added 738 and replicates were pooled (2 wells per MOI). Cells for each sample were counted. Samples were 739 spun at 150 rcf for 3 minutes and washed with 0.5 mL of 1X PBS/0.04% BSA. Washings were 740 performed two more times. Finally, cells were resuspended with 1X PBS/0.04% BSA to give 7 x 741 10 5 cells per mL. Preparation for single-cell transcriptomic sequencing followed the protocol for 742 10x Genomics Chromium Single Cell platform. 743
Analysis of viral transcripts from single cells was performed with the sequencing data from 744 all experiments using Cell Ranger software. Briefly, the Cell Ranger software assigns each read 745 to individual cells and transcripts based on two sets of unique molecular identifiers (UMIs) that 746 are ligated prior to amplification. This approach allows the quantification of amplification bias at 747 both the cellular and transcript levels. The first step of the analytical workflow was to map the 748 reads to concatenated transcriptomes of GFHK99 virus with the transcriptomes of dog or chicken 749 to analyze MDCK and DF-1 cell infections, respectively. Protein coding regions for the dog and 750 chicken transcriptomes were identified in the GTF file associated with genome builds 751
CanFam3.1.98 (NCBI accession number GCA_000002285.2) and GRCg6a (NCBI accession 752 number GCA_000002315.5), respectively, while GFHK99 virus coding regions were extracted 753 from the reverse-complement sequences of the GFHK99 strains. The aligned sequencing data is 754 available on the GEO database with the accession number XXXXXXXX. Cell Ranger output in 755 the form of gene and barcode counts were then analyzed in R using the package CellrangerRkit. 756
To account for the issue of cellular lysis, which can allow uninfected cells to acquire viral RNA 757 from the supernatant and thus appear infected, a preliminary analysis was conducted to exclude 758 cells that were likely false positives. This analysis was informed by the reasoning that 1) 759 contaminated cells were likely to contain less viral RNA than truly infected cells, and 2) the amount 760 of viral RNA present in contaminated cells should be less consistent than the amount present in 761 truly infected cells. Within each infection, the proportion of each cell's transcriptome that was 762 comprised of viral RNA was calculated, and cells were ordered according to this proportion so 763 that the marginal gain in % viral RNA from one cell to the next could be calculated. Excluding cells 764 with no marginal gain (indicating two cells with the same % viral RNA), the marginal gain vs. % 765 viral RNA was plotted for each infection, which showed that this marginal gain is initially a rapidly 766 decreasing function of % viral RNA. The first local minimum of a local regression was derived for 767 each infection, to determine the point at which marginal gain became more consistent and less 768 affected by % viral RNA, and cells with % viral RNA below that threshold were excluded from 769 further analysis (Supplementary Figure 4) . To enable comparisons between samples, the 770 median number of UMIs per cell was calculated for each infection, and the UMI counts of each 771 cell within that infection were normalized to this median value (e.g. if the total number of UMIs in 772 a cell was 50% of that detected in the median cell, all of its UMI counts were multiplied by 2). The 773 number of viral RNA transcripts per cell was then calculated and log10-transformed. 774 775
Single-cell sorting assay for measurement of PP values 776
Segment-specific PP values were determined as previously described for influenza 777 A/Panama/2007/99 (H3N2) virus 19 , and as follows. 4x10 5 MDCK cells were seeded into each well 778 of a 6-well dish. 24 h later, cells were washed 3x with PBS and inoculated with 0.018 PFU per 779 cell of GFHK99 WT virus and 1 PFU per cell of GFHK99 VAR2 virus in 250 µL of PBS. Virus was 780 allowed to attach at 37 o C for 1 h. Inoculum was then removed and cells were rinsed 3x with PBS 781 and 2 mL of virus medium was added to the well. After 1 h at 37 o C, medium was removed and 782 cells were washed 3x with PBS and harvested by addition of Cell Dissociation Buffer (Corning). 783
Cells were resuspended in complete medium and washed 3x with 2 mL FACS buffer (2% FBS in 784 PBS). A final resuspension step was performed in PBS containing 1% FBS, 10 mM HEPES, and 785 0.1% EDTA. Cells were strained through a cell strainer cap (Falcon) and sorted on a BD Aria II 786 cell sorter. Gating was performed to remove debris and multiplets and one event per well was 787 sorted into each well of a 96-well plate containing MDCK monolayers at 30% confluency in 50 µl 788 virus medium supplemented with 1 ug per mL TPCK-treated trypsin. Following the sort, an 789 additional 50 µl of virus medium plus TPCK-treated trypsin was added to each well and plates 790 were centrifuged at 1,800 rpm for 2 minutes to promote cell attachment. Plates were incubated at 791 Supplementary Table 3 . 800
Given the MOI of GFHK99 WT virus used in the experiments, an appreciable number of 801 wells are expected to receive two or more viral genomes, and so a mathematical adjustment is 802 needed to estimate the probability of each genome segment being delivered by a single virion. 803
Using the relationship between MOI and the fraction of cells infected from Poisson statistics, i.e., 804 f = 1 -e -MOI , the probability of the ith segment being present in a singly infected cell, or PP,i can 805 be calculated from the 96-well plate using the following equation: 806
where A is the number of VAR2 + wells, B is the number of WT + wells (containing any WT segment), 808
and Ci is the number of wells positive for the WT segment in question. Wells that were negative 809 for VAR2 virus segments were excluded from analysis. with >95% bootstrap support. In guinea pigs (n=6), GFHK99 WT and VAR1 viruses exhibit higher 824 reassortment than MaMN99 or NL09 WT and VAR viruses, as indicated by increased genotypic 825 diversity (E). The GFHK99 WT and VAR1 viruses exhibit higher reassortment in guinea pigs than 826 in quail (n=5) (F). Guinea pig data shown in panels E and F are the same. NL09 virus reassortment 827 data shown in (C) were reported previously 76 . Shading represents 95% CI. 
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